Using a 50kV electron beam to pattern extreme-UV (EUV) masks for circuit fabrication can result in systematic errors that affect reliability in the finished product. This is because electrons scatter within the blank substrate, 1, 2 leading to additional exposure of the photoresist, which drives errors of critical dimension (CDs). We regard these errors as the EUV process signature. Figure 1 shows an example of the error in drawing space features (separating trenches in the mask absorber pattern) of 80nm with varying distance, or pitch, between them. Our previous work investigated the impact of systematic CDs on the lifetime performance of 10nm devices, and identified the need for tight control of space patterns drawn on the mask. 3 It is not possible to address the specific EUV process signature using tools such as conventional proximity effect correction (where the dose of the beam is modified). Therefore, we considered altering the mask design in line with a process model to compensate the process signature, much like optical proximity correction (OPC), a technique that corrects errors by moving edges or modifying the exposure dose on a per-shot basis. [4] [5] [6] [7] In analogy to OPC, this method is called mask process correction (MPC).
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We tested the mask models of various electronic design automation companies over a two-year period. We calibrated these models, using different types of mask blanks and electron-beam (e-beam) pattern generators, and then assessed the quality of each model using test cells. A corrected version of each cell was printed and processed using EUV mask blanks.
To assess the model and correction quality, we considered a defined set of test gauges for each solution, covering a wide range of CD sizes, pattern types, fill densities, and different electron scatter ranges (see Figure 2) . Our analysis revealed
Figure 1. Critical dimension (CD) error for 80nm features drawn at varying distances from one another ('space through pitch').
significant variation in model quality, with only a very small number of solutions able to control lines and spaces at the same time. All other models suffered from different failure modes (see Figure 3 ). Models B, C, and E showed large shifts of the mean CD value for the different feature types, while others (D, J) showed systematic CD trends in the 'two-line' pattern (see Figure 3 ). Since most model shortcomings were visible in this pattern, we concluded that the models were unable to adequately cover the mid-range electron scatter specific to EUV. Figure 4 shows statistical analysis of the CD error distribution for each correction (line-end features omitted), indicating the overall quality of the models and corresponding corrections. Almost all models returned substantial improvements: average CD errors were generally below 1.5nm, maximum errors equal to or less than 5nm for the best models, and we achieved standard deviations below 2nm. Finally, we investigated the integrity of the modified pattern by comparing the printed result to the uncorrected reference by die-to-database inspection (see Figure 5 ). We could not examine some of the cells completely because of a surplus of defect detections. Others were defect-free, or contained only process-related issues such as isolated spots.
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We evaluated MPC solutions from various companies to test the capabilities and shortcomings of state-of-the-art tools for correction of EUV mask process signatures. It was difficult to identify a best model in this evaluation, since none provided a satisfactory correction for all the features we considered. However, we did identify a leading group of three models that were able to provide a reasonable correction quality for at least onedimensional features with good pattern fidelity and no inspection issues.
In conclusion, there have been great improvements in the modeling and correction achieved in MPC solutions, but work remains to further reduce CD errors. This will become increasingly challenging with the extension of EUV technology toward sub-10nm nodes. We will continue to co-operate with selected companies to drive the capabilities of the tools toward the final requirements.
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